X-ray powder diffraction (XRD) is utilized for determination of polymorphism in crystalline organic materials. Though convenient to use in a laboratory setting, XRD is not easily adapted to in situ monitoring of synthetic chemical production applications or thin film depositions. Nearinfrared spectroscopy (NIR) can be adapted to in situ manufacturing schemes by use of a source/detector probe. Conversely, NIR is unable to conclusively define the existence of polymorphism in crystalline materials. By combining the two techniques, a novel simultaneous NIR/XRD instrument has been developed. During material's analysis, results from XRD allowed for the determination of the existence of polymorphic phases, and NIR data were collected as a fingerprint for each of the observed polymorphs. These NIR fingerprints allowed for the development of a library, which can be referenced during the use of a NIR probe in manufacturing settings. The NIR/XRD instrument was also used to monitor materials during exposure to ambient air. XRD can detect crystalline phase changes and NIR can monitor solvent loss and/or water uptake.
INTRODUCTION
The stability of organic materials is an important issue in the manufacture and performance of imaging materials and devices. A common problem that exists in organic materials is polymorphism. Polymorphism is the ability of a singular molecular species to crystallize in more than one crystal structure [1] . These multiple crystal structures are the result of different packing configurations of the molecule in a crystal. Pseudopolymorphism is a variant of polymorphism, where a solvent molecule(s) is part of the lattice resulting in a crystal structure change. As a means of understanding the presence or absence of polymorphism in organics, X-ray diffraction (XRD) is now routinely used as the method of choice for identifying these crystal phase modifications. It is important to note that if a material is amorphous, XRD may provide minimal information related to polymorphism.
Combining XRD with other analytical techniques such as differential scanning calorimetry, microscopy, solid-state nuclear magnetic resonance, and infrared spectroscopy, one can better characterize polymorphism in organic materials. For example differential scanning calorimetry (DSC) results are shown in Figure 1 for tris(8-hydroxyquinoline)aluminum (Alq 3 ), an electron emitter layer in organic light emitting diodes. The presence of endotherms (down) and exotherms (up) in the DSC data indicate several phase transitions occur upon thermal processing of Alq 3 prior to melting at 417 ºC. Understanding these transitions is important since Alq 3 is deposited on devices by heating a graphite boat loaded with Alq 3 powder, for several hours to days. Using in situ high-temperature XRD and synthetic chemical methods, the four crystalline polymorphs of Alq 3 were isolated and identified by XRD (Figure 2 ). It is desirable to have a means of evaluating organic material processing in situ at the manufacturing site. Such a capability would provide process engineers with the ability to monitor polymorph formation and an understanding of how changes in manufacturing processes could lead to polymorph development. As process understanding is enhanced, the opportunity to eliminate undesirable chemical phases can help reduce waste or unusable coated films as well as do away with time required to rework batches of chemicals. The ability to consistently produce the correct organic polymorph could also help to diminish the number of product failures. NearInfrared Spectroscopy (NIR) has been used for monitoring chemical processes in reaction vessels [2] . Though the NIR spectrum cannot unequivocally identify polymorphism, it can be used to reveal differences that may be due to polymorphism or the presence of differing chemical species. If the changes in the NIR spectra can be verified by XRD as being due to polymorphism, the NIR spectra can then be recorded as a fingerprint pattern for different polymorphs.
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Combining the ability to observe reactions in situ with a library of compound spectra would allow NIR to be utilized as a means to perform process monitoring for polymorph formation. Initial attempts to correlate XRD and NIR results showed that data from the two analytical methods could be combined to provide useful information, though the final interpretation of some early tests were inconclusive. In evaluating why there were inconsistencies in some results one potential problem was identified, the time lag of analysis between the two methods. Specifically, XRD might receive a sample, perform an analysis to confirm phases present, and then send that sample to NIR for analysis. Some materials were found to show a phase change with time. In Figure 3 , a time resolved XRD analysis of an organic photographic chemical, Coupler A, demonstrates this phenomenon. As received, Coupler A is observed to be crystalline. After 30 minutes of exposure to air, only a small fraction of the sample is crystalline. Continued exposure to air renders the sample amorphous. The initial sample of crystalline coupler is a dry powder but upon the transformation to the amorphous phase, a tacky yeast-like sample is generated rendering this material difficult to process. Additional evaluation found that the loss of crystallinity was due to loss of methanol. This methanol was originally part of the crystalline lattice. With exposure to air, methanol leaves the lattice and crystalline order is lost. Any attempt to analyze materials such as Coupler A by XRD and NIR at different lab sites at different times generated results, when compared, that were inconsistent since the same phase was not being analyzed. To eliminate doubt in regards to what sample was analyzed and when it was analyzed, the concept of a simultaneous NIR/XRD instrument was conceived. The goal was to configure XRD and NIR for simultaneous measurements of organic chemicals. Such a system would allow for the development of a library of NIR spectra, which could be used for monitoring in situ processes during chemical manufacturing and film deposition. The NIR/XRD instrument could also be used to monitor materials during exposure to ambient air. XRD can detect any phase changes and NIR can monitor solvent loss and/or water uptake. 
EXPERIMENTAL
The X-ray diffractometer used in this study was a Rigaku ULTRAX 18kW Bragg-Brentano diffractometer equipped with a copper rotating anode source, 40-position sample changer, diffracted beam graphite monochromator, and scintillation detector. The X-ray diffractometer was calibrated using a NIST standard, SRM 1976 corundum plate. XRD data were collected using a continuous scan with a range of 2-40º 2θ, 0.02º step size, 2º 2θ/min scan rate.
Near IR analysis was performed using a FOSS NIR Systems Model 5000 spectrometer with a fiber optic module (OPTI PROBE NR-6770A). The spectrometer has a tungsten-halogen filament lamp, an order sorter filter, an internal wavelength linearization standard (polystyrene), a concave holographic grating, and lead sulfide detectors (1100 -2500 nm). The spectrometer is configured with a diffuse reflectance probe, which consists of a four-foot bi-directional fiber bundle (210/210 count) of ultra-low-moisture silica fibers, a stainless steel immersion probe (12-inch length, 0.75 inch diameter), and integral detector assembly. The NIR spectrometer was calibrated using a 95% ceramic diffuse reflector. Each spectrum was collected by averaging 128 scans. This approach allowed for the collection of 6 NIR spectra during the time required for data collection by XRD.
An aluminum stage was constructed to hold the NIR probe resulting in a platform that would rigidly and reproducibly hold the position of the NIR probe, was easy to install and remove, and would not interfere with the primary and diffracted X-ray beams during the collection of diffraction data. This stage was coupled to the theta circle of the diffractometer such that the NIR probe would always be perpendicular to the sample during analysis. The final configuration of the NIR/XRD instrument is shown in Figure 4 . Note the locking collar around the probe shaft, which insures that the probe is placed the same distance from a sample each time the stage and probe are installed onto the X-ray diffractometer theta circle. Samples for analysis were prepared using the back packing method for powder XRD [3] . Sample holders designed to fit into the existing diffractometer sample changer were comprised of aluminum (3 mm thick) and were drilled with a center hole through the holder. After studying variability in sample position resulting from loading by the attached sample changer, it was determined that a center hole with a 5/8" diameter insured that the NIR probe was reproducibly measuring the same sample area.
RESULTS
An organic photographic chemical, Coupler B, had been identified by XRD as having several (nine) polymorphic forms. This coupler was investigated as a benchmark for using NIR/XRD to establish a NIR spectral library of polymorphic materials. Figure 5 shows the XRD patterns for two polymorphs and one pseudopolymorph of Coupler B. The XRD data conclusively show that these polymorphic forms of Coupler B have different crystal structures. Corresponding NIR data are shown in Figure 6 . Pseudopolymorph Type V is a hydrated form, and clearly shows NIR water bands near 1445 and 1925 nm, which are absent from Type II and Type VI polymorphs. There are also observable differences in other regions of the NIR spectra for all three types of Coupler B, which are most likely related to the differences in crystal structure, indicated by XRD. The ability to create a NIR library with these spectra is evident from Figure 6 , but even clearer in Figure 7 , which shows 2nd derivatives of the Figure 6 NIR spectra. Much smaller differences than observed in Figure 7 would still be easily discernable in a library using various multivariate statistical techniques, such as discriminant or cluster analysis. The effect of sample exposure to ambient air was demonstrated for organic photographic chemical, Dye C. We began with the simultaneous collection of NIR and XRD spectra from Dye C. Figure 8 shows that there is a growth in the water bands at approximately 1445 nm and 1925 nm, as the NIR spectra are collected on the sample from 0 to 12 h. XRD data ( Figure 9 ) for this sample, do not show a significant change when comparing data collected immediately after sample preparation (0 h) and after 2 h exposure to air. This result suggests that the initial uptake in water detected by NIR is adsorbed to the particle surface, and not incorporated in the lattice. However, after setting overnight there is a significant change in the XRD pattern (12 h), indicating some incorporation of the water in the crystal lattice. Though XRD was able to elucidate the phase change in Dye C, it was the NIR data that identified that this observed change was due to water from ambient air and not loss of solvent. This result is a demonstration of the value of simultaneously collecting the XRD and the NIR data. water band Figure 9 . XRD patterns for Dye C after exposure to ambient air 0, 2, and 12 hours.
SUMMARY
A simultaneous NIR/XRD instrument has been developed for characterization of organic materials. This combination technique can be used for developing a library of NIR spectra for materials analysis during manufacturing operations. The NIR/XRD instrument has also been shown to be an effective tool for studying solvent loss or gain in chemicals upon exposure to ambient air.
A similar approach to instrument design can be used for XRD and other spectroscopy techniques where the NIR probe can be replaced with a Raman probe. Raman has the utility for both organic and inorganic materials characterization.
